Somatostatin is a neurohormone peptide that inhibits a variety of secretory responses in different cell types. We have investigated the effects of somatostatin on calcium current and intracellular free calcium in AtT-20 cells, a pituitary tumor line in which the inhibitory actions of this peptide have been well characterized. At concentrations similar to those that inhibit adrenocorticotropic hormone (ACTH) release, somatostatin and its analogs reduced the levels of intracellular free calcium (as measured by the Quin-2 technique). Nifedipine and other blockers of voltage-dependent calcium channels also reduced cytosolic calcium levels. The effects of somatostatin and nifedipine were not additive, suggesting that somatostatin might inhibit calcium channels. Experiments using the whole-cell patch-clamp technique showed that somatostatin reduces voltage-dependent calcium current. The effects of somatostatin on cytosolic calcium and calcium current appear to be independent of its ability to reduce secretagogue-stimulated CAMP accumulation in these cells. We propose that the somatostatin-induced decrease in cytosolic calcium concentrations and the voltage-dependent calcium current are one of the mechanisms by which somatostatin suppresses ACTH release in AtT-20 cells.
Somatostatin is a neurohormone peptide that inhibits a variety of secretory responses in different cell types. We have investigated the effects of somatostatin on calcium current and intracellular free calcium in AtT-20 cells, a pituitary tumor line in which the inhibitory actions of this peptide have been well characterized. At concentrations similar to those that inhibit adrenocorticotropic hormone (ACTH) release, somatostatin and its analogs reduced the levels of intracellular free calcium (as measured by the Quin-2 technique). Nifedipine and other blockers of voltage-dependent calcium channels also reduced cytosolic calcium levels. The effects of somatostatin and nifedipine were not additive, suggesting that somatostatin might inhibit calcium channels. Experiments using the whole-cell patch-clamp technique showed that somatostatin reduces voltage-dependent calcium current. The effects of somatostatin on cytosolic calcium and calcium current appear to be independent of its ability to reduce secretagogue-stimulated CAMP accumulation in these cells. We propose that the somatostatin-induced decrease in cytosolic calcium concentrations and the voltage-dependent calcium current are one of the mechanisms by which somatostatin suppresses ACTH release in AtT-20 cells.
The tetradecapeptide somatostatin is widely distributed in the brain and peripheral organs (Reichlin, 1984) . Many of the known physiological effects of somatostatin are due to its inhibitory activity on the secretory response of a variety of both pituitary (Axelrod and Reisine, 1984; Vale et al., 1977) and extrapituitary cells (Boden et al., 1975; Fujimoto et al., 1974; Pace and Tarvin, 198 1) . Because of the central role of calcium in secretion, it has been proposed that the secretion-inhibiting action of somatostatin may be due to its effects on calcium movement in target cells (Maruyama and Ishikawa, 1977; Oliver, 1976; Richardson, 1983; Schlegel et al., 1984; Schofield and Bicknell, 1978) . The precise nature of these effects is, however, not completely understood. We have studied the mechanism of action of somatostatin in AtT-20 cells, a mouse pituitary tumor cell line in which the effects of this peptide have been well characterized (Axelrod and Reisine, 1984) .
AtT-20 cells secrete adrenocorticotropic hormone (ACTH) in response both to secretagogues that stimulate CAMP synthesis (corticotropin releasing factor, vasointestinal peptide, isoproterenol, and forskolin) and to secretagogues independent of CAMP formation, such as potassium, 8-bromocyclic AMP, calcium ionophores (Axelrod and Reisine, 1984) and phorbol esters (Heisler, 1984) . Somatostatin blocks the stimulation of secretion by all of these agents (Axelrod and Reisine, 1984; Richardson, 1983) . A previously described mechanism of action of somatostatin is the blockade of the secretagogue-evoked stimulation of CAMP synthesis . We now report a novel effect of somatostatin; namely, the inhibition of voltage-dependent calcium channels and the decrease of basal cytosolic calcium levels. We propose that this effect, which is independent of cellular CAMP concentrations, could be an important component of the release-inhibiting activity of somatostatin.
Materials
and Methods
Preparation of cell cultures
AtT-20/D16-16 cells were subcultured and grown as monolayers in culture flasks or in petri dishes as previously described . Cells were detached from flasks by gently flushing them with Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal calf serum (growth medium). The cells (105/ml) were then incubated in plastic petri dishes at 37°C in a humidified atmosphere of 10% CO, in air. Under these conditions, they remained viable (by the trypan blue exclusion test) and responsive to somatostatin for up to 2 hr. Secretion of ACTH in response to secretagogues was also maintained.
Quin-2 jluorescence
Cytosolic calcium was measured using the fluorescent calcium probe Quin-2 (Tsien et al., 1982) . For Quin-2 loading, the cells from one petri dish (5 x 106) were washed twice with DMEM containing 1 mg/ml BSA and resuspended in 10 ml of the same medmm. A 50 pl aliquot of 10 mM Quin-2 acetoxymethylester in dimethylsulfoxide was added to the cell suspension and incubated with gentle agitation at 37°C for 15 min. The cells were then washed twice in DMEM/BSA and resuspended in growth medium at the density of 2 x lo6 cells/ml. Aliquots of 1 ml were placed in plastic tubes and kept in a humidified atmosphere of 5% CO, in air at 37°C. For fluorescence determinations, one aliquot was added to 14 ml of Hank's medium containing 0.2 me/ml BSA. centrifuged, and resuspended in 2 ml of the same medium. The cell suspension was then placed in a quartz cuvette in a temperature-controlled (37°C) Perkin-Elmer spectrophotofluorometer (model 3000), where they were gently stirred with a magnetic stirrer. Cytosolic calcium concentrations were calculated by the calibration procedure of Tsien et al. (1982) . The Quin-2 fluorescence trace was very steady in unstimulated cells. This allowed detection of changes in cytosolic calcium as small as 7% of the basal values in individual samples. Preparations where the fluorescence signal drifted slowly upward, indicating loss of cell viability, were discarded. 
Whole-cell patch-clamp
The patch-clamp method was used to record the calcium current in the whole-cell voltage-clamp mode (Hamill et al., 1981) . Currents were recorded in an external solution containing (in mM): 150 TEA-Cl, 0.8 MgCl,, 5.4 KCl, 10 CaCl,, 10 HEPES (pH 7.4), 45 glucose, 1O-6 M TTX, and 1 mg/ml BSA, with an osmolarity of 340 mOsm kg-'. The solution in the patch pipette (internal) contained (in mM): 120 CsCl, 11 EGTA, 2 TEA-Cl, 2 MgCl,, 10 HEPES (pH 7.4), 4 MgATP, 20 creatine phosphate, and 50 units/ml creatine kinase, with an osmolarity of 3 18 mOsm kg-I. Currents were filtered using a 3 kHz low-pass Bessel filter, digitized at 250 psec/point, and stored for analysis using a PDP-1 l/23 microcomputer. The linear leak component, measured between -120 and -60 mV, was digitally substracted from the Z-V plots. Cell input resistance, measured between -120 and -60 mV, was 2.0-7.9 Gfi. All recordings were made at room temperature (22-25°C). Somatostatin was dissolved in the external solution at the concentrations stated and applied via a macropipette placed near the surface of the cell under study. The application of somatostatin was terminated by withdrawal of the somatostatin-containing macropipette.
Materials
Synthetic somatostatin (1-14) and [D-Tip']-somatostatin were obtained from Bachem (Torrance, CA). BSA, dimethylsulfoxide, nifedipine, verapamil, tetraethylammonium (TEA) chloride, adenosine 3',5'-cyclic monophosphate (CAMP), 3-isobutyl-1-methyl-xanthine (IBMX), and 8bromocyclic AMP were from Sigma (St. Louis, MO). Quin-2 tetracetoxymethylester (Quin-2 AM) and Quin-2 were purchased from Calbiochem-Behring (La Jolla, CA). Nisoldipine was a gift from Dr. P. Marangos. DMEM was from Gibco (Grand Island, NY), and fetal calf serum was purchased from M. A. Bioproducts (Walkersville, MA) and KC Biological Laboratories (Lenexa, KS).
Results and Discussion
Cytosolic calcium Cytosolic calcium was measured using the fluorescent calcium probe Quin-2. The addition of somatostatin or its analog [D- Trps]-somatostatin decreased the basal cytosolic free calcium levels of AtT-20 cells (Fig. 1A ) in a dose-dependent manner (Fig. 2) . The concentrations of somatostatin that reduced cytosolic calcium were similar to those reported by Heisler et al. (1982) but higher than those reported by Reisine (1984 Reisine ( , 1985 to inhibit the secretagogue-induced release of ACTH. [D-T@]-somatostatin was slightly more potent than somatostatin-14 in reducing cytosolic calcium. A similar difference in analog potency with regard to ACTH release was previously reported (Reisine, 1984) , although not consistently (Reisine, 1985) . It is not clear whether these differences in somatostatin potency in different studies are due to changes in the sensitivity of the cells to somatostatin or to variations in the purity and effectiveness of different batches of the peptide. We tested whether the effect of somatostatin on cytosolic calcium might be due to a reduced calcium influx using agents that inhibit calcium influx. Blockers of voltage-dependent calcium channels such as nifedipine (EC,, = 2 x IO-* M), nisoldipine, and verapamil, which inhibit stimulated ACTH secretion (Axelrod and Reisine, 1984) , also decreased cytosolic calcium (Fig. 1B) . Since AtT-20 cells exhibit spontaneous action potentials (Adler et al., 1983; Surprenant, 1982) , the decrease in cytosolic calcium caused by these agents could be due to a reduced influx of calcium through voltage-dependent calcium channels. The maximal effect of nifedipine was similar to that elicited by somatostatin (Fig. 1B) . Furthermore, when nifedipine was applied at the peak of somatostatin action, or when somatostatin was applied at the peak of nifedipine action, no further decrease in free calcium could be detected. The lack of additivity between the 2 compounds may be due to calcium homeostatic mechanisms preventing an excessive lowering of the levels of cytosolic calcium. It is also possible that these compounds may have a common mechanism of action and that somatostatin may de- and 60 set after withdrawal of the somatostatin macropipette (wash). D, Time course of the effect of somatostatin on the calcium current. The calcium current was elicited every 10 set by a step from a holding potential of -80 mV to a command potential of + 10 mV. The current is expressed as a ratio between the current at each time point (r) and the current at time 0 (1,). Measurements were begun after the current amplitude had stabilized (time 0). [D-Trps]-somatostatin (1 O-6 M) was applied twice via the macropipette (horizontal bars) and reduced the current by 38.7% during the first 60 set application and by 43.8% during the second 40 set application. E, Current records for the experiment shown in F for the effect of somatostatin on the calcium current when the cell was internally perfused with 100 PM CAMP and 1 mM IBMX in the patch pipette. Currents shown are 10 set before [o-Tip*]-somatostatin ( 10e7 M) application (control), 30 set after [D-Trp*]-somatostatin application (somutostutin), and 60 set after the somatostatin macropipette was withdrawn (wash). F, Time course of the effect of ID-Tip*]-somatostatin on the calcium current amplitude in the presence of intracellular CAMP (100 PM) and IBMX (1 mM). [D-Trp*]-somatostatin (lo-' M) reduced the calcium current amplitude by 33% during a 60 set application. Current records in A, C, and E are not leak subtracted.
crease cytosolic calcium by inhibiting voltage-dependent calcium channels.
Calcium current were used to inhibit sodium and potassium currents. The cells were voltage-clamped to a holding potential of -80 mV, and steps to various test potentials were applied. Steps to potentials more positive than -40 mV elicited an inward current that The whole-cell patch-clamp technique (Hamill et al., 198 1) was decayed slowly (Fig. 3 , A, C, E). The amplitude of the inward employed to examine directly whether somatostatin affects current increased with more positive step potentials until it a membrane calcium current. Ion substitution and pharmacoreached a maximum at approximately + 10 mV (Fig. 3B) . The logic agents in the external and patch-pipette (internal) solutions inward current was eliminated by 10 mM external cobalt, re-duced by low external calcium (0.1 mM), and barium substituted as a charge carrier for calcium (not shown), indicating that the current was carried by calcium ions. Somatostatin applied extracellularly from a macropipette in concentrations from 1 O-8 to 1 Om6 M reduced the inward voltagedependent calcium current (Fig. 3) . Somatostatin in low concentrations (lo-lo M) and vehicle applied via the macropipette had no apparent effect on the calcium current (not shown). Figure 3B illustrates the current-voltage (Z-V) relationship for the effect of somatostatin on the calcium current. The peak of the Z-V curve was reduced an average of 30.2 f 2.7% (SEM; n = 6) by somatostatin. Somatostatin did not appear to change the threshold for activation of the calcium current or the voltage of maximal current amplitude (Fig. 3B) . Figure 30 illustrates the time course of the effect of somatostatin on the calcium current. Application of somatostatin produced a significant decrease in the calcium current (p < 0.0001, unpaired t test) as measured from 5 currents before somatostatin and 5 currents at the plateau of the somatostatin effect. This reduction of calcium current was reversible, as the current amplitude 100 set after the removal of somatostatin was not significantly different from the amplitude before somatostatin (p > 0.35). Figure 3C shows the calcium current records for this experiment.
It seems likely that the reduction of calcium current produced by somatostatin accounts at least in part for the decrease in cytosolic calcium produced by the peptide. AtT-20 cells exhibit frequent spontaneous calcium action potentials, and influx of calcium through these channels appears to determine the cytosolic levels of this ion, as indicated by the effect of calcium channel blockers (Fig. 1) . It cannot be excluded, however, that somatostatin might decrease cytosolic calcium by additional mechanisms. For instance, somatostatin could stimulate the active extrusion of calcium from the cytoplasm, or it might alter other membrane ion conductances, thereby polarizing the membrane to potentials where the activation of voltage-dependent calcium channels would be minimized or prevented. Further work is necessary to determine whether somatostatin also affects such mechanisms. Richardson (1983) reported that somatostatin does not modify the rate of uptake of 45Caz+ in AtT-20 cells. The apparent discrepancy of this observation with our results could be due to the following: (1) In Richardson's experiments, the cells were preincubated for 20 min with somatostatin before testing uptake; (2) 45Caz+ uptake depends on the concentration gradient for calcium and the membrane potential of the cells; and (3) the uptake of radioactive calcium may reflect not only entry of this ion via voltage-dependent channels, but also ion-ion exchange processes, calcium binding to cell surfaces, and uptake into intracellular organelles. These factors may obscure an effect of somatostatin on calcium channels.
Relationship to release One question pertinent to our results is whether the actions of somatostatin on calcium movements could play a role in the inhibition of ACTH release caused by the peptide. Somatostatin appears to inhibit secretagogue-stimulated release of ACTH by multiple mechanisms (Reisine, 1985) . One well-defined effect of the peptide is the inhibition of CAMP synthesis induced by hormones such as CRF and norepinephrine (Axelrod and Reisine, 1984) . Somatostatin also inhibits the action of secretagogues, such as 8-bromocyclic AMP and K+, which are independent of CAMP synthesis. Both of these secretagogues increase intracellular calcium; moreover, stimulation of ACTH release does not occur if extracellular calcium is not present. In addition, 8-bromocyclic AMP and K+ appear to require the activity of voltage-dependent calcium channels, since their effects on ACTH release are suppressed by nifedipine and other calcium antagonists (A. Luini, unpublished observations). It is thus possible that the reduction of calcium current and/or cytosolic calcium Luini et al. (1985) . The concentration and time of exposure to the nucleotide used in this experiment produce a maximal effect on cytosolic calcium levels.
Values are means of 4-6 experiments carried out using 3 different preparations. SDS were less than 10% of the means.
caused by somatostatin might be a component ofthe mechanism by which this peptide inhibits release. An apparent difficulty with this hypothesis with respect to cytosolic calcium is that the effect of somatostatin on cytosolic calcium lasted 8-9 min, whereas the inhibition of ACTH release by somatostatin may last 60 min . The short duration of the effects of somatostatin on cytosolic calcium levels does not appear to be due to degradation of the peptide, because a second addition of somatostatin after cytosolic calcium had returned to basal levels produced only a small effect (Fig. 1A) . In addition, this phenomenon may not be due to desensitization, since basal calcium levels are also reestablished after treatment with nifedipine, a compound not known to desensitize. Our best explanation at present is that cytosolic calcium may return to control levels due to homeostatic mechanisms that would readjust the concentration of intracellular free Ca*+ in spite of continued inhibition of calcium current, as occurs with nifedipine. Further work is needed to determine whether there is a desensitization of the effect of somatostatin on calcium channels.
CAMP independence
The somatostatin receptor in AtT-20 cells might be coupled to calcium channels via a second messenger such as CAMP. Since CAMP increases calcium current and cytosolic calcium levels in AtT-20 cells (Luini et al., 1985) and somatostatin is linked to the cyclase in an inhibitory fashion ) the effect of this peptide on calcium current and cytosolic calcium could be secondary to a decrease in CAMP concentration. We tested this possibility by 3 different experimental approaches. One was to examine the CAMP content in cells treated with somatostatin for 80 set, a time sufficient to produce a nearly maximal decrease in cytosolic calcium (Fig. 1 ). Cells were loaded with Quin-2 and prepared as for a Quin-2 experient. The levels of CAMP in control and somatostatin-treated samples were not significantly different (11.8 f 0.5 and 12.2 +-0.7 pmol/106 cells, respectively). A second approach was to examine the effect of somatostatin in cells pretreated with the CAMP analog 8-bromocylic AMP, This compound, like CAMP, increases cytosolic calcium levels and the voltage-dependent calcium current in AtT-20 cells (Luini et al., 1985) . If somatostatin reduces intracellular calcium by decreasing CAMP, then its effects on calcium should be abolished or reduced by a concentration of 8-bromocylic AMP that is supramaximal for increasing cytosolic calcium levels. In cells treated with 6 mM 8-bromocyclic AMP (a concentration 5-fold in excess of that causing a maximal increase in cytosolic calcium; see Fig. 4 ) somatostatin still ex-erted a full effect on cytosolic calcium. A third approach to examining the role of CAMP in the inhibitory effect of somatostatin on calcium current was to perfuse the cell internally via the patch pipette with 100 I.LM CAMP and 1 mM of the phosphodiesterase inhibitor IBMX. This concentration of CAMP is 50-to loo-fold in excess of that found to saturate the CAMPdependent protein kinase from AtT-20 cells (Miyazaki et al., 1984) . Under these conditions the effect of somatostatin (Fig.  3 , E, F) appeared similar to the effect of somatostatin in cells recorded without CAMP and IBMX in the patch pipette (Fig.  3, C, D) . These 3 lines of experimental evidence suggest that somatostatin exerts its effects on cytosolic calcium and calcium current independently of changes in CAMP concentration. Dorflinger and Schonbrunn (1983) have also reported CAMP-independent effects of somatostatin in GH, pituitary cells. It is possible that a second messenger other than CAMP might mediate the action of somatostatin on calcium channels. Alternatively, the somatostatin receptor could be coupled to calcium channels via one of the regulatory GTP binding proteins such as G, or G, (Stemweis and Robishaw, 1984) . It has been reported that Gi is linked to the receptor of somatostatin and mediates its inhibitory effect on CAMP synthesis. The G proteins, in addition to being regulatory components of the adenylate cyclase complex, have recently been shown to be involved in signal transduction systems controlling cytosolic calcium (Molski et al., 1984; Verghese et al., 1985) .
Conclusion
Somatostatin reduces both the voltage-dependent calcium current and the concentration of intracellular free calcium ions in cells. These effects appear to be independent of the intracellular CAMP concentration. Inhibition of calcium channels and reduction of intracellular free calcium may be one of the mechanisms whereby somatostatin inhibits ACTH secretion in 
